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Definition  of  Terms. 
The amount of air a person is able to expire after a maximum in- 
spiration is  called  "vital capacity" (Hutchinson, 1846).  The vital 
capacity does not, however, indicate all the air within the lungs.  A 
certain  quantity remains even after a  maximum expiration; we  call 
this  "residual  air"  (Davy,  1800).  The  sum  of  the  vital  capacity 
and the residual air, i.e., the total volume of air held by the completely 
filled lungs, is called the "total capacity" or "total lung volume." 
If one stops breathing half-way between a normal inspiration or a 
normal exp!ration, there will be in the lungs a certain quantity of air 
greater than the residual air and less than the total capacity (Text- 
figs.  1 and 2).  We call this amount of  air  the  "middle capacity  ''1 
(Panum, 1868).  The difference between the middle capacity and the 
total capacity (all  that can be breathed in after a  half expiration) 
is called the "reserve air. ''2  The difference between middle capacity 
and residual air  (all  that  can be breathed out after a  half  expira- 
tion)  is called the "complementary air." 
I Siebeck suggested in 1910 defining the middle capacity as the amount of a~r 
in the lungs after a full normal expiration, instead of after a half expiration.  In 
this paper the definition of Panum is used. 
Hutchinson (1846) created the terms "complementary air" and "reserve air." 
He used different definitions, however, definir~g the complementary air as the 
quantity of air a person can inspire after a normal inspiration, and the reserve 
air as the amount that can be expired after a normal expiration. 
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TEXT-FIG.  1.  Approximate lung volumes for average normal man. 
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T~xT-Fm. 3.  Curves for calculation of lung volume (air content) as determined by the dilution method. 
The upper curve is for use when 3  liters of pure oxygen  are mixed with the lung air, the lower when  2 
liters of oxygen are used.  The lower curve is given in three forms to  indicate  the  range of error which 
may be caused by maximum variations in the nitrogen content of the alveolar air from the usual value of 
79.1 per cent. CIIRISTEN LUNDSGAAP.D  AND  DONALD  D. VAN  SLYKE  67 
In accordance with the definition now in use, the vital capacity is 
equal to the sum of the reserve and complementary air.  Under nor- 
mal conditions the difference between the inspiration and expiration 
(the tidal air)  is much less than the vital capacity, and can approxi- 
mately be estimated at 500  cc.  This means that a person only uses 
250 cc. of his reserve air and 250 cc. of his complementary  air in normal 
breathing.  The rest of the vital  capacity is  to be  considered as  a 
reserve which can be  used if necessary under abnormal conditions. 
There is  a  striking  contrast,  however, between the reserve air  and 
the complementary air, the former always being wi,'thin the chest and 
the latter always being outside the chest under normal resting condi- 
tions (Hutchinson). 
Methods for Determining Lung Volumes. 
The vital capacity, the tidal air,  the reserve air,  and the comple- 
mefitary air canbe determined  by means of a calibrated, easily movable 
spirometer.  In determining the residual air, however, it is necessary 
to  apply a  more complicated method.  It is usually determined by 
having the subject  e~;pire  completely until  only the residual air is 
left in the lungs.  He then inspires from a bag or spirometer contain- 
ing  a  known  amount  of  nitrogen,  oxygen,  or  hydrogen, which he 
mixes with the air in his lungs by respiring from five to seven times. 
Then the mixture is analyzed and the amount of residual air calculated 
from the degree to which the air in the chest has diluted the gas in 
the bag or spirometer.  The total capacity and the middle capacity 
can be determined either directly by the bag alone, or indirectly by 
adding the residual air to the vital capacity and the  reserve  air  re- 
spectively, as determining with a spirometer.  We have, in our work, 
determined all the figures by means of the mixing method and later 
on checked the vital capacity by means of a spirometer. 
Our technique has been the following: A 4 liter rubber bag is evacu- 
ated and filled with 2 liters of pure oxygen; in determining the residual 
air we sometimes use 3 liters.  The bag is connected to a  three-way 
stop-cock.  The  subject  closes  his  lips  air-tight  around the rubber 
mouthpiece of the stop-cock.  The nose is closed by a clamp.  For a 
few respirations the stop-cock is held in such a position as to permit 68  STUDIES OF  LUNG VOLUME.  I 
free passage between the lungs and the outside air.  Then the sub- 
ject brings his lungs to the desired position and retains that position 
long enough to  have  the  stop-cock  turned  to  connect  the  rubber 
bag with his lungs.  Four to five fairly deep respirations are sufficient 
to mix the air in the lungs with the air in the bag (see below).  A sam- 
ple is then drawn out of the bag  and  analyzed for nitrogen, carbon 
dioxide and oxygen being absorbed simultaneously by alka]ine pyro- 
gallol.  The lung volume is calculated in the following way: 
v  = (x+  Y 
v--y 
X  -- 
as 
x  = the lung volume in liters. 
v  =  the percentage of nitrogen in  the lung air  before the experiment 
(usually 79.1 per cent, see page 72). 
y  = the percentage of nitrogen in the sample from the bag  at  the  end 
of the experiment (or the percentage of nitrogen in the lungs after 
mixing). 
a  = the amount of oxygen in the bag in liters at the beginning of the 
experiment. 
It is more convenient to calculate the lung volume by means of the 
curve in Text-fig. 3. 
The curve and formula can only be  used if the oxygen in the tank 
is pure or if a  correction is made so that the bag will contain 2 liters 
of oxygen.  In that case the excess nitrogen in the bag, as an impurity 
in the oxygen, must be subtracted from the calculated lung volume. 
Our spirometer is an easily movable Krogh (1912)  apparatus.  The 
person is connected with the spirometer by means of a three-way stop- 
cock of at least 1 sq. cm. bore.  In order to determine the vital capacity, 
the person must fill his lungs and stop breathing for a moment.  The 
stop-cock is then turned and a maximum expiration is made into the 
spirometer.  This is repeated until a constant value is obtained.  The 
determination of the vital capacity can be combined with the deter- 
ruination of the  residual air if a  three-way  stop-cock is so arranged 
that after expiring into the spirometer the  subject is instantly con- 
nected with a  rubber bag containing 2 or  3  liters of oxygen, as  de- 
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maximum  inspiration  from  the  spirometer,  but  the  results  obtained 
are somewhat smaller  than  those obtained by expiration  (Table III). 
In order to determine the reserve air and the complementary air, the 
person  must  breathe  normally  for  some  time  into  the  spirometer, 
which contains 3 or 4 liters of 50 per cent oxygen .to prevent dyspnea. 
When  the  breathing  is  regular,  a  maximum  respiration  is  made. 
This respiration must equal the previously found vital capacity. 
The  figures  can  be given  directly or in  values  corrected  for  tem- 
perature,  pressure  ,  and  moisture.  We  have  not  corrected  them. 
Our figures refer to the gas volumes measured at 21 °  -~  3°C. 
Accuracy of Methods. 
Spirometry.--The  spirometer  method  will  always  give  the  true 
vital  capacity  at  that  particular  moment.  The  maximum  read- 
ing error is 50 cc.  Measuring  the vital capacity of the same person 
several times,  one finds that  the results  obtained differ by amounts 
usually less than  200  cc.,  in most cases  from 3  to 6 per cent of the 
vital capacity.  These differences are not due to the method, but to 
the inability of  the subject to reach the same  point  in inspiration  or 
expiration,  or both,  every time.  Bohr recognized  the  fact  that  the 
vital capacity is not constant.  He considered the maximum inspira- 
tion as a fixed point, and that the discrepancies in the determinations 
of the vital capacity were due to the expiration,  the last part of which 
is  done  by  the  diaphragm.  Hasselbalch  showed  later  that  it  is 
possible  to  train  a  person  to  increase  his  total  lung  volume.  He 
found, furthermore, that the total capacity and vital capacity in three 
normal  persons decreased  when  they  changed  from  the  standing  to 
the lying position.  This does not exclude the fact that the maximum 
inspiration  is  a  fixed point  and  the maximum  expiration  a  variable 
point  when  the  determinations  are  made  within  a  short  time  and 
with the subject in the same position. 
Dilution Method.--In the rubber bag method,  or,  as  it may more 
accurately be called,  the dilution  method, 3 there  are possibilities  for 
several errors.  The  analytical  error  is  very  small  because  a  large 
3 The volume of air in the lungs is determined in a way analogous to the deter- 
minations of the residue in the stomach in Ewald's test meal. 70  STUDIES  OF  LUNG  VOLUME.  I 
amount of air may be taken for analysis.  In a determination where 
30  cc.  are  taken for analysis, the error falls below 0.2 per cent, even 
when no  special precautions are taken, such as the use of a thermo- 
barometer.  The main source of error  is  the difficulty in  obtaining 
a homogeneous mixture of air in the lungs and in the bag.  It is gener- 
ally supposed that five to seven fairly deep respirations are sufficient 
to mix even pure hydrogen with the air in the lungs.  A recent study 
by  Sonne  has  shown that it is  essential to  pay more  attention to 
that problem than was formerly considered necessary.  Sonne found 
that it was very difficult, and in some instances almost  impossible, 
to get a  homogeneous mixture in the lungs by  inhaling  foreign air. 
He found it extremely difficult t O get a proper mixture by mixing the 
lung air with nitrous oxide as is done in Krogh and Lindhard's (1912) 
method for determining the blood flow.  Krogh and Lindhard them- 
selves have later (1917)  admitted this difficulty.  We have, therefore, 
been very careful in controlling our results.  We have done  this  in 
three different ways: 
(1)  By performing our experiments on the same person with dif- 
ferent numbers of respirations  (Table I).  As seen in the table, in- 
creasing the number of respirations beyond four of at least 2 liter ex- 
cursions does not change the results.  The slight differences obtained 
TABLE  I. 
Effect of  Variations  in the Number  of Respirations  on Results by the Dilution 
Method. 
Name. 
Dr.  F. 
44  A. 
¢~  A. 
"  S. 
4¢  p. 
Position of chest. 
Maximum expiration. 
,i  inspiration. 
Normal  " 
Maximum  " 
"  expiration. 
Excur- 
sion of 
respi- 
ration. 
liters 
2.0 
3.5 
3.0 
3.0 
2.0 
Lung volume calculated from analyses of mixed gases 
aftel varying number of respirations. 
1  2 
liters  liters 
1.46  1.70 
2.16  2.45 
2.20 
3  4  5  6 
liters  liters  liters  liters 
2.02  1.98 
1.84 
5.75 
3.851 3.96 
6,27 
2.49  2.50 2.50 
2.74 
7  8 
liters  liters 
5.5~ 
3.9( 
4.0( 
3.9~ 
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are  not  due  to  an  incomplete  mixture,  but  to  the  previously men- 
tioned impossibility of starting  the respiration  from the same poinL 
in different experiments.  We have  tried  to overcome this  difficulty 
in (2). 
(2)  By taking samples from the rubber bag after a  different num- 
ber of respirations in the same experiment (Table II).  These experi- 
ments  show that we obtained almost constant values of nitrogen  ir~ 
the rubber bag after four or five respirations.  In  all  the experiments 
in  this  table  the  subject  has  started  from a  maximum  inspiration, 
which  probably  is  a  more  unfavorable  condition  for  mixing  than 
starting from a maximum expiration, because one is unable to empty 
TABLE  II. 
Analyses  of Mixed Gases in the Bag after Varying Numbers of Successive 
Respirations. 
Ns me. 
Dr.  V. 
"  V, 
gg  S. 
~c  S. 
Position of chest. 
Maximum inspiration. 
~c  ~c 
~c  ~c 
Amount of pure oxygen 
in  bag. 
l~ers  • 
2 (approximately) 
2 
2 (approximately) 
2 
2 (approximately) 
Excur- 
sion  of 
respl- 
rations. 
~ters 
3½ 
3½ 
3 
3½ 
3½ 
Sample I. 
No. of  Nitro- 
respi- 
rations,  gen. 
per ce~ 
4-6  60.5 
4-6  59.1 
4--5  58.2 
4-6  57.4 
4-6  58.3 
Sample  2. 
No. of  Nitro- 
respi- 
ration,  gen. 
pet ce~ 
7  60.(~ 
60.2 
8  59.6 
7  58.5 
8  57.5, 
7  58.~ 
the  rubber  bag each  time.  The  respiratory  excursions in  these ex- 
periments have been from 3 to 3½ liters. 
(3)  By determining the vital capacity as the difference between the 
total  lung  volume and  the  residual  air,  determined  by the  dilution 
method,  and  checking  this  by determining  the  vital  capacity  with 
the  spirometer.  We have  done  this  in  all but  two of our subjects. 
The results are shown in Table III. 
The values for  the vital  capacities  determined by expiration  into 
the spirometer are, with few exceptions, from 1 to 5 per  cent greater 
than  the  values  obtained  by the  dilution  method.  The  reason  for 
this is undoubtedly that we have given as our spirometer values the 
highest figures obtainable with the  spirometer,  whereas  the dilution 
method  figures  are  the  average of all determinations.  The  values 72  STUDIES OF  LUNG VOLUME.  I 
for  the  vital  capacities  determined by inspiration from the spirom- 
eter are always slightly smaller  than the values obtained by expira- 
tion.  This is probably accounted for by  the  greater power  of the 
expiratory muscles and by the resistance of the spirometer.  Another 
reason may be the difference in temperature and moisture content o'f 
the expiratory air. 
Inconstancy of the Nitrogen Percentage in the Lung Air.--Another 
possible  error  is  due  to  the  inconstancy of the nitrogen in the lung 
air  and  the  impossibility  of  determining it  in  relation  to  the  de- 
termination of the lung volume.  We  determined the nitrogen per- 
centage in a sample from the total amount of expired  air in  six  nor- 
mal people.  Six determinations were done on each person, three on 
the expired air after An ordinary  expiration and three after a  maxi- 
mum inspiration.  The values fell between 78.7 and 79.5 per cent in 
27  cases;  in 9  cases  the values fell outside  these  limits but  within 
78.4  and 79.6 per cent.  The variations in the  same  person are usu- 
ally as great as from person to person.  We have used 79.1 per cent 
in all our calculations.  The curves in Text-fig. 3 show the limits of 
• the possible  errors.  The  constancy of the  figures in Tables  I  and 
II shows that the actual errors due to increased absorption of oxygen 
in blood plasma and tissues from the oxygen-rich mixture breathed 
during the  10  to  15  seconds of the experiment, to  the excretion of 
nitrogen from blood, and to the deviation of the respiratory quotient 
from 1.0 are negligible. 
Standard Procedure  for the Determination of Lung  Volumes. 
The determinations of the lung volume in Subject 2 (Table III) were 
done in a way which we considered the best and most reliable.  It is 
given in detail as follows: 
(1)  Determination of  Vital  Capacity by Means  of  Expiration  in 
the Spirometer.-- 
Expiration.  Volume. 
liters 
First ..............  5.75 
Second  ............  5.80 
Third .............  5.95 
Fourth  ............  5.95 
Vital capacity ---- 5.95 uncorrected. 
Temperature.  Pressure. 
°C.  mm. 
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(2)  Determination  of Residual  Air  by  the  Dilution  Method.--The 
subject breathed  through  a  three-way stop-cock by means  of which 
he  could be  connected  with  either  the  spirometer  or  a  rubber  bag 
containing  3 liters of oxygen.  He filled his lungs with room air and 
breathed  repeatedly  into  and  out  of  the  spirometer.  When  the 
volume of expiration  equalled  the previously  determined  maximum 
vital capacity (5.95 liters), the stop-cock was turned in such a manner 
that the next inspiration was made from the bag.  The oxygen drawn 
in from the bag was rebreathed  seven  times  in  15  seconds.  The  ni- 
trogen content of the mixed gases was 32.6 per cent, indicating a resid- 
ual air volume of 2.1  liters. 
(3)  Total Capacity.--The total capacity was then determined with 
the  bag,  which  contained  2  liters  of oxygen.  The  subject respired 
eight times.  The nitrogen content of the mixture was 63.4 per cent, 
indicating a total capacity of 8.05 liters. 
Vital capacity determined by spirometer  =  5.95 liters. 
Vital capacity determined by bag  =  8.05 -  2.1  =  5.95 liters. 
(4)  Middle  Capacity.--While  breathing  quietly  the  subject  was 
connected with a  spirometer  containing  about 4  liters of air with 50 
per  cent  oxygen.  He  continued  regular breathing from the spirom- 
eter, which registered as follows: 
Readings of the Spirometer Dial. 
After inspiration.  Mter expiration.  Mean.  Vital capacity. 
liters  llters  liters  liters 
Normal respiration .....  3.2  3.9  3.55 
3.1  3.9  3.50 
3.15  3.85  3.50 
Maximum  "  .....  0.4  6.1  --  5.7 
Reserve air  =  6.1  --  3.5  =  2.6 liters. 
Complementary air =  3.5  -  0.4  --  3. I  liters. 
The value for the vital capacity obtained in this experiment is 6.1 
-  0.4  =  5.7,  instead of 5.95.  The reason for this is that  the maxi- 
mum inspiration  was made from the spirometer,  a  condition  which, 
as mentioned before, regularly gives a smaller vital capacity than that 
registered  when  the  lungs  are  filled  from  the  free  air  (Table  III). 
For this reason we increase the value of the complementary part of 
the total air by 0.25 to 3.35 liters. 74  STUDIES  OF  LUNG  VOLUME.  I 
Immediately  afterwards  the  chest  measures  of  the  subject were 
taken. 
Lung  Volumes in Eighteen Normal Individuals. 
The results of our experiments on eighteen normal persons between 
20 and 38 years of age are tabulated in Table III, and diagrams of the 
TABLE  III. 
Summary  of  Lung  Volume  Determinations  on  Normal  Individuals. 
Name.  Corn-  Vital  capacity. 
~o  .~  .~  Residu= Middlecapac_ capac-T°tal capac-Vital Reserve  plemen- 
d  ~  .~  '~  al air.  ity.  ity.  ity.  air.  tary  Expi- i Inspl- 
*~  ~  ~  air.  ration,  i ration. 
yrs.  era.  kg.  liters  liters  liters  liters  liters  liters  liters  liters 
1  Dr.P.  34 185  90  2.48  4.80  8.22  5.74  2.32  3.42  5.90  5.70 
2  "  J.  31 179  76  2.10  4.70  8.05  5.95  2.60  3.35  5.95  5.70 
3  "  Do.  29 186  86  1.86  --  7.20  5.34  ...... 
4  "  F.  32 178  68  1.87  3.89  6.51  4.64  2.02  2.62  4.90  4.85 
5  "  S.  32 178  91  1.47  3.45  6.24  4.77  1.98  2.79  4.87  i 4.80 
6  "  D.  34178  69.5  1.52  3.66  6.13  4.61  2.14  2.47  4.65  !4.60 
7  "  C.  29 172.5  65  1.46  3.31  5.88  4.42  1.85  2.57  4.63  4.55 
8  "  A.  38 165  67  1.61  3.50  5.58  3.97  1.89  2.08  3.87  3.77 
9  "  M.  32 167.5  63  1.25  2.99  4.95  3.70  1.74  1.96  3.97  i 3.93 
10  "  Mo.  29162.5  51  1.41  2.60  4.56  3.15  1.19  1.94  3.40  3.35 
11  "  K.  28 152  52  1.53  2.23  3.84  2.31  0.70  1.61  2.40  2.35 
12  Mrs. S.  34 175  88  1.64  2.88  5.10  3.46  1.24  2.22  --  -- 
13  Miss G.  26 173  63  1.42  3.17  5.05  3.63  1.75  1,88  3.75  3.70 
14  Mrs. H.  24 162  59  1.07  2.69  4.91  3.84  1.62  2.22  3.90  3.85 
15  MissC.  23 169  65  1.10  2.40  4.12  3.02  1.30  1.85  3.15  3.10 
16  "  L.  29 156  43  1.15  2.45  3,93  2.78  1.30  1.48  2.75  2.70 
17  Mrs. A.  28 158  52  0.97  2.28  3.93  2.96  1.31  1.65  3.10  2.95 
18  [ Miss D.  21 160  53  1.15  2.35  3.72  2.57  1.20  1.40  2.65  2.60  I 
Bag.  Spirometer. 
same  determinations  are  shown  in  Text-fig.  4.  The  values  for  the 
different  lung  volumes  in  these  determinations  agree  with  what 
other investigators have found. 
From  his  determinations  on  eight  normal  men  and  four  normal 
women, Bohr derived a standard for the different lung volumes which 
is usually accepted. 
We  have  divided  our  results  into  two  groups  according  to  the C]IR]STEN  LITBTDSGAAR.D  ABTD  DONALD  D.  VAN  SLYKE  75 
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TABLE  IV. 
Average Lung  Volumes for Normal Men and Women in Standing Position. 
I 
Sex.  Residual  air.  Reserve air.  Mean.  Complemen-  Total capacity.  tary air. 
liters  liters  [  liters  liters  liters 
Men ........  -I  1.5  2.0  [  3.5  2.5  6.0 
gComen...]  1.0  1.5  2.5  2.0  4.5 
sexes and  believe that  the  figures given in  Table IV  and  Text-figs. 
1  and  2  represent  the  approximate  average  somewhat  more  closely 
than  the  approximations  used by Bohr; namely, 1 liter of residual,  2 
liters of reserve, and 2 liters of complementary air. 
Previous Investigations to Find a Relationship between the  Vital Capacity 
and  Other  Body  Figures. 
Pulmometry has never played an important part in clinical  medi- 
cine, chiefly on account of the great variations in the lung volumes of 
different  persons.  For  that  reason  we  have  been  unable  to  tell 
whether  the lung volume in  a  pathologic  case  is  normal  or  not  for 
the individual  examined unless  the deviation from  the usual  values 
is  great.  The variations  in the values of the lung volume  4 in different 
individuals  have been recognized by  even  the  earliest  investigators. 
Borelli  (1679) was the first  who tried to determine the air in the lungs.  He 
found that from 300 to 600 cc. are taken in by a single inspiration.  Jurin (1718) 
says about Borelli's figures: "But this quantity is different  not only in different 
persons,  but even at different times in one and the same person."  Hales (1728) 
determined the air in the lungs to be 4 liters.  Goodwyn (1788) says after report- 
ing his own experiments: "These experiments arC sufficient to show that the lungs 
contain a  considerable  quantity of air,  even after complete expiration, but this 
quantity must  vary in different subjects in proportion to  tl~e capacity of the 
thorax.  It is,  therefore, extremely difficult  to establish  a medium..However, 
we shall for the present adopt the medium quantity of these latter experiments 
and say that the lungs of the human subject contain 109 cubic inches (1,800 cc.)  s 
of air after complete expiration." 
4 It  took a  considerable  time before the  differences  between vital  capacity, 
residual air, and so forth were recognized~ 
5 Determined post mortem by filling the pleural cavities with water, in this way 
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Davy (1800),  who invented the dilution principle in determination of the resid- 
ual air, gives the figures for his own lungs: "So  that making the corrections for 
temperature,  it would appear,  that my lungs in a state of voluntary inspiration, 
contained about 254 cubic inches  (4,160  cc.); in a  state  of  natural  inspiration, 
about  135 (2,210  cc.); in a state of natural expiration, about  118 (1,190 cc.); and 
in a state of forced expiration 41 (670 cc.)."  He also remarks: "This capacity is 
most probably below medium;  my chest is narrow, measuring in circumference 
but 29 inches."  Hutchinson, by. the invention of the spirometer, made the easily 
determinable  vital capacity the central point in  the pulmometry until  the time 
of Bohr, half a century later.  Hutchinson realized  that, should  the vital capac- 
ity be of any importance in clinical medicine, it was necessary to find some rela- 
tionship to other body figures.  For that purpose he examined 1,012 normal men 
and women and found that  there  was a certain relationship between the height 
and the vital capacity.  He worked out the figures by means of which it should 
be possible to calculate the normal vital capacity from the height  of the person. 
He showed that the weight,  age, and sex might modify these figures to a slight 
extent.  Between the vital capacity and the circumference of the chest he could 
not find any proportion at  all.  Simon (1848)  confirmed HutchinsOn's results as 
far as height was concerned, but he found that if only lean persons were used, there 
was  some relation between the vital capacity and the circumference of the chest. 
Fabius (1853)  found a  rather close relation  between  the vital  capacity and  the 
volume of the trunk, which he calculated from the circumference of the chest and 
the distance  from  the  neck (eminentia occipitalis) to the tip of the os coccygis. 
His first idea was to compare the vital capacity with the "chest volume"; he gave 
that up because he was unable to obtain any figures for the chest volume.  Ap- 
parently without knowing Fabius' publication, Mtiller (1868) and SchSnfeld (1882) 
found the same thing.  The idea of Fabius (Mtiller and SchSnfeld)  did not attract 
much attention and was never used by others in clinical medicine.  Hutchinson's 
old idea  of calculating  the  Vital  capacity  from  the  beight  prevailed  and  was 
generally used, sometimes with a  slight modification of the constant  and some- 
times in combination with a correction for weight or age (Schneevoogt, 1854). 
Wintrich  (1854),  Arnold  (1855),  von  Ziemssen  (1888),  Cornet  (1907),  and 
Peabody (1917)  have all adopted the principle laid down by Hutchinson, even if 
they have used it in a somewhat different way.  Von Ziemssen, for instance, used 
a quotient (1:20 in men and 1:17 in women) to express the ratio between vital 
capacity  and  height.  This  quotient  (Ziemssen's  quotient)  has  been  used 
in  several  papers,  particularly  in  papers  dealing  with  the  vital  capacity  in 
people  suffering  from  tuberculosis.  Peabody  divides  his  patients  (heart  pa- 
tients)  into  four groups,  according to the height. 
A  relationship  between  the residual  air and other body factors has not been 
worked out.  Only some rather rough estimates  have  been  adopted  (Schenck, 
1894). 
Bohr was the creator of a new era in pulmometry.  He objected to the use of 
Hutchinson's figures for estimating  the  normal  vital  capacity from the  height 78  STUDIES  OF  LUNG  VOLUME.  I 
because the individual variations are  too  great.  He furthermore objected to 
exclusive use of the vital capacity, because it does not take the total or residual 
air into consideration.  He  and his pupils (Hasselbalch, Rubow, Siebeck, and 
Bie and Maar)in several publications investigated the relation between the total 
lung volume, the middle capacity, and the residual air under normal and patho- 
logic conditions, and put less stress on the absolute figures than on their  rela- 
tionships.  The problems raised by these investigators have attracted attention 
for a good many years. 
Determination  of the  "Chest  Volume"  and Calculations  of a Ratio  be- 
tween Chest Volume and Lung Volume in Different  Positions  of the 
Chest (Full Inspiration,  Rest,  and Full Expiration). 
The problem of finding an accurate relationship between the lung 
volume and chest or body size remained unsolved.  It seemed to us, 
however, that it might be possible to approach the solution by using 
the chest volume as the constant and the lung volume as the variable. 
The reason for this seems obvious when we consider the chest wall as 
a  sort of spirometer.  When a  person is respiring from a spirometer, 
it is a natural thing to look upon the chest wall as another spirometer 
connected with the first one and moving inversely to the latter.  And 
if we take different individuals it is natural to regard  their  chests  as 
spirometers containing different amounts of air. 
The x-ray pictures  (Figs.  1  and 2)  illustrate fairly well what we 
mean.  Fig.  1  (No.  7,  Table  III)  is  from  the  same  person  with 
the  chest  in  full  inspiration  and  expiration.  Fig.  2  is  from two 
different persons  (Nos.  1 and 11)  and shows the possibilities of indi- 
vidual  variation.  Our  problem  was  to  find  measurements  which 
could be used in calculating the chest volume, which alone seemed a 
logical basis for calculation of lung capacity.  The old idea of using 
the  chest  circumference must be  given up because the muscles, fat, 
and breasts give room for a considerable error.  It seems obvious that 
the best way is to consider the chest as a geometrical figure and take 
three dimensions, the product of which will represent a  volume pro- 
portional to the chest volume.  We have then to measure the height, 
depth, and breadth of the chest and to do it i/1 such a  way that (1) 
the fat and muscles play as small a part as possible, (2)  the different 
diameters represent  parts of  the  chest wall which  move  in  fair  ac- 
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Mter some consideration and experiments we came to the following 
procedure which has been used in all our cases.  The height  of the 
chest is taken as the length of the sternum from incisio intraclavicu- 
laris to a point just below articulafio sterno-xiphoidea.  The depth is 
then taken as the horizontal distance from the middle of the sternum 
at the insertion of the third rib to the spinal column, and the breadth 
is  the  distance  across  the  sixth  ribs  in  the  midaxillary  line.  The 
points between which the measures are taken are almost without any 
muscular  covering.  The  transverse points are in the axilla between 
C 
TExT-FIe. 5.  Points  on the thorax  where the chest measurements are taken. 
AB is the height of the chest, CD the breadth, and EF the depth. 
musculus  pectoralis  major  and  musculus  latissimus  dorsi.  The 
distances  representing  the  depth  and  breadth  vary with  the phases 
of inspiration; the height is constant (Text-fig. 5). 
The measuring requires some practice and a good deal of care.  We 
do it in the following way:  The person stands in a  natural  position. 
The points are found and marked.  The point on the upper part  of 
the sternum  is  rather  easy to  find;  it is just above the  edge of the 
bone.  The lower point is sometimes very difficult to locate.  We do 
it  as  follows: The curvature is found and lines are drawn to indicate 
it.  Then we try to find the joint between the sternum and processus 
xiphoideus.  It is usually slightly prominent.  The point from which 
we measure is  just below  that  prominent  ridge.  Locating  the  tip 80  STUDIES  OF  LUNG  VOLUME.  I 
of the processus xiphoideus sometimes helps, but it cannot always be 
done.  The lateral points are easy to find by counting  the ribs.  In 
taking the measure it is necessary to put the nodes of the pelvimeter 
fight to the chest wall in order to get as close to the bone as possible. 
It is particularly  necessary to  take  care  that the ends of the pelvim- 
eter do not slip and go into  the  intercostal  spaces.  The  first  meas- 
ures  are  taken in  rest  (half-way between normal  expiration  and  in- 
spiration, position of middle capacity).  The pelvimeter is kept on and 
the  person  is  requested  to  take  a  maximum  inspiration  and  stop  a 
second while the measures are taken.  Then he is asked to expire  to 
the residual air  and stop for another  measurement.  The product of 
the figures obtained does not,  of course, represent the real chest vol- 
ume, but a  volume approximately proportional  to it. 
In Table V are given the data on different normal individuals.  The 
product of the measurements in the three dimensions is given as the 
chest  volume  and  the  ratio  between  the  chest  volume  and  lung 
volume calculated  as 
100 × lung volume 
chest volume 
The  average  ratio  for  the  total  lung  capacity is  55,  for  the  middle 
capacity 37, and for the residual air  19. 
The  curves of Text-fig.  6  show the different chest volumes multi- 
plied by these factors  (reduced chest volume).  It will be seen that 
there  is  a  close agreement  between the  reduced  chest  volumes  and 
the actual lung capacities.  We have plotted the height on the upper 
part  of  the  chart  to  show  that  the  relations  between  the  different 
lung volumes and  the height  are much more variable than  the  rela- 
tions between the lung and chest volumes.  The relationship between 
height  and  vital  capacity  (Hutchinson)  is  equally  variable.  The 
vital  capacity,  on  the  other  hand,  bears  nearly as constant  a  ratio 
to  the  reduced chest volume as  do  the  total  or  middle  capacities. 
The  average  ratio  between  the vital  capacity and  the middle chest 
volume is 45  (Table VI). lit  ,i  i  i 
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TEXT-Fro.  6.  Chart  showing air  contents  of lungs  (lung volumes)  in  normal  subjects as determined in the three respiratory posi- 
tions by the dilution method (solid lines)  and as calculated from the thoracic measurements  (broken lines).  The subjects are arranged 
in order according to chest volumes measured at maximum inspiration.  The numbers above  the  chart  are those  by which the same 
subjects are designated  in  Text-fig.  4.  The numbers below indicate the maximum excursion  of the  right  and  left  diaphragm  in  cen- 
timeters,  as calculated  from fluoroscopic tracings. CHRISTEN  LUNDSGAARD  AND  DONALD  D. VAN  SLYK.E  81 
TABLE  V. 
Summary of  Thorax Measurements in the Three Positions of Respiration, Namely, 
Expiration, Rest, and Inspiration,  and Ratios of Chest  Volumes Calculated 
from  These Measurements to Lung  Volumes. 
Diameter.  Ratio 
No. of  indivld-  Name.  Position of  Ster-  Chest  Lung  ual.  chest,  num.  Ant.-  Trans-  volume, volume. 100 )~ lung volume 
Post.  verse,  chest volume 
cm.  era.  cm.  liters  liters 
Expiration.  22.0  21.0  29.5  13.6~  2.48  18.2 
1  Dr. P.  Rest.  22.0  22.0  31.0  15.00  4.88  32.0 
Inspiration.  22.0  24.0  32.5  17.15  8.22  48.0 
Expiration.  21.0  17.5  29.0  10.65  2.10  19.7 
2  Dr. J.  Rest.  21.0  19.5  30.5  12.49  4.70  37.6 
Inspiration.  21.0  21.0  32.0  14.08  8.05  57.2 
Expiration.  20.5  17.0  29.5  10.28  1.86  18.1 
3  Dr. Do.  Rest.  20.5  18.5  30.0  11.36  4.63  -- 
Inspiration.  20.5  20.0  32.0  13.12  7.20  54.8 
Expiration.  19.5  18.5  26.0  9.38  1.87  19.9 
4  Dr. F.  Rest.  19.5  19.0  28.0  10.38  3.89  37.5 
Inspiration.  19.5  20.0  30.0  11.70  6.51  55.6 
Expiration.  18.0  18.5  27.5  9.15  1.47  16.1 
5  Dr. S.  Rest.  18.0  19.5  28.5  10.00  3.45  34.5 
Inspiration.  18.0  20.0  30.5  11.00  6.24  56.7 
Expiration.  20.5  18'.5  24.5  9.30  1.52  16.4 
6  Dr.D.  Rest.  20.5  19.5  25.5  10.20  3.56  35.9 
Inspiration.  20.5  21.5  26.5  1i.45  6.13  53.6 
Expiration.  19.5  17.5  27.5  9.39  1.46  15.6 
7  Dr. C.  Rest.  .19.5  18.5  28.0  10.1C  3.31  32.6 
Inspiration.  19.5  20.0  29.5  11.5C  5.88  51.1 
Expiration.  20.0  16.0  24.5  7.83  1.61  20.6 
8  Dr. A.  Rest.  20.0  17.0  25.0  8.50  3.50  41.2 
Inspiration.  20.0  18.0  27.5  9.90  5.88  56.4 
Expiration.  19.5  15.5  26.0  7.86  1.25  16.4 
9  Dr. M.  Rest.  19.5  16.0  26.5  8.26  2.99  36.4 
Inspiration.  19.5  17.0  27.5  9.11  4.64  51.0 
Expiration.  19.0  15.0  22.0  6.27  1.41  22.5 
10  Dr. Mo.  Rest.  19.0  16.0  23.0  6.99  2.60  37.4 
Inspiration.  19.0  18.0  24.5  8.38  4.56  54.6 82  STUDIES  OY  LUNG  VOLUME.  I 
TABLE  v---Concluded. 
No. oi  Position of  individ-  Name.  ual.  chest. 
Expiration. 
11  Dr. K.  Rest. 
Inspiration. 
Expiration. 
12  Mrs: S.  Rest. 
Inspiration. 
Expiration. 
13  Miss G.  Rest. 
Inspiration. 
Expiration. 
14  Mrs. H.  Rest. 
Inspiration. 
Expiration. 
15  Miss C.  Rest. 
Inspiration. 
Expiration. 
16  Miss k  Rest. 
Inspiration. 
Expiration. 
17  Mrs. A.  Rest. 
Inspiration. 
Expiration. 
18  Miss D.  Rest. 
Inspiration. 
Diameter. 
Ster- 
num.  Ant.-  Tr~ns- 
Post.  verSe. 
Cm.  Cm.  C@t. 
16.0  14.5  24.0 
16.0  15.0  24.5 
16.0  17.0  25.0 
17.5  18.5  24,5 
17.5  19.0  25.2 
17.5  20.2  27.5 
18.3  14.8  25.3 
18.3  16.5  26.1 
18.3  18.5  27.3 
17.2  16.0  24.8 
17.2  17.1  25.8 
17.2  18.3  28.3 
17.9  13.9  22.2 
17.9  14.9  22.6 
17.9  15.7  25.8 
17.1  14.9  22.5 
17.1  16.0  23.4 
17.1  17,3  25.3 
16.2  14.0  23.5 
16.2  15.5  24.5 
16.2  17.1  25.4 
17.1  14.0  22.1 
17.1  15.0  22.2 
17.1  16.5  23.2 
Ratio 
Chest  Lung 
volume, volume,  lO0 X lung  volume 
chest  volume 
liters  liters 
5.57  1.53  27.5 
5.88  2.23  37.9 
6.80  3.84  56.4 
7.93  1.64  20.7 
8.38  2.88  34.3 
9.72  5.10  52.4 
6.85  1,42  20.7 
7.88  3.17  40.3 
9.29  5.05  54.2 
6.83  1.07  15.7 
7.77  2.69  34.6 
8.91  4.91  55.1 
5.52  1.10  19.9 
6.03  2.40  39.7 
7.25  4.12  55.8 
5.73  1.15  20.0 
6.40  2.45  38.3 
7.49  3.93  52.4 
5.32  0.97  18.2 
6.15  2.28  37'.1 
7.04  3.93  55.4 
5.30  1.15  21.7 
5.79  2.35  40.3 
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Excursions  of the  Diaphragm. 
Realizing that the measurement of the chest wall does not give us 
the variations in  the height  of  the  thoracic  cavity, we have made a 
particular study of the movement of the diaphragm by  means of x-rays.* 
The figures are given in Table VI.  It will be seen that there is one man 
TABLE  VI. 
Maximum Excursions  of the Right  and Left Diaphragm. 
i=  Greatest possible  [ 
~  movement of dia- 
phragm. 
"~  Name.  -- .... 
~o-~  ]  [_Right[  i ,ght I e" I  / 
100 X residual air 
chest volume at expization 
100 X vital capacity 
chest volume at rest 
Men. 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
~r. P. 
cc  j. 
"  Do. 
~  F. 
~  D. 
~  C. 
~  M. 
"  Mo. 
~  K. 
cm.  cm. 
5.5  6.0 
4.5  5.5 
5.5  6.0 
5.5  5.5 
4.5  5.5 
4.5  6.5 
5.0  4.5 
5.5  4.5 
3.0  3.5 
11.5  18.2 
10.[~  19.7 
--  18.1 
11.5  19.9 
11.0  16.1 
10.[J  16.4 
11.0  15.6 
9.5  20.6 
--  16.4 
10.0  22.5 
6.5  27.5 
38.3 
47.7 
47.0 
43.0 
47.7 
45.2 
43.7 
46.7 
44.8 
45.1 
39.2 
Women. 
12  Mrs. S. 
13  Miss G. 
14  Mrs. H. 
15, Miss C. 
16  "  L. 
17  Mrs. A. 
18  Miss D. 
--  m 
4.5  4.5 
5.0  6.5 
5.5  4.5 
5.5  4.5 
4.5  5.5 
4.5  4.0 
--  20.7 
9.0t  20.7 
11.5[  15.7 
10.0]  19.9 
10.0  20.0 
10.0  18.2 
8.5  21.7 
41.3 
46.1 
49.4 
50.1 
43.5 
48.1 
44.4 
We  used  fluoroscopy.  Being unable  to  use  parallel light  we  worked  out  a 
correction for the parallax by measuring the distance from the light to the screen 
(50 cm.) and the distance from the light to the middle part of the diaphragm  (35 
cm.).  The correction is very close to 0.7 in all instances; for that  reason all our 
directly found values have been multiplied by that factor. 84  STUDIES  O~'  LUNG  VOLUME.  I 
with a very small movement of his diaphragm.  His residual air is un- 
usually great (Text-figs. 4 and 6).  He apparently expired naturally as 
far as the thoracic movement was concerned, but was unable to press 
his diaphragm up at  the end of the expiration.  He was a physically 
untrained man, with rather undeveloped abdominal musculature.  A 
too small movement of the diaphragm might, of course, indicate that 
he was unable to lower it during inspiration.  The normal figures for 
his total capacity and the abnormally high figure  for  his  residual  air 
prove that this was not the case.  One of the women (No. 14,  Table 
V  and Text-fig. 4)  had  a  particularly  small  residual ratio,  15.7.  It 
will be seen that  the movement of her diaphragm  is very extensive. 
She had been trained in college to  breathe very deeply and had pow- 
erful  abdominal  muscles.  She  wore,  like  all  the  other  women,  a 
rather loose corset during the determination.  The importance of the 
movements of the diaphragm will be discussed more in a later paper. 
SUMMARY. 
1.  The total capacity, middle capacity, and residual air have been 
determined on 11 normal men and  7 normal women.  All the deter- 
minations  have  been  done  on  subjects  in  standing  position  and  at 
least 2 hours after a  meal. 
2.  The figures for the total and middle capacities agree with those 
of previous investigators,  particularly  with Bohr's.  The  values for 
the residual air seem to be a little higher  than  those previously pub- 
fished. 
3.  A  procedure has been devised by means  of  which  it  has  been 
possible  to  find  a  numerical  relationship  between  external  chest 
measurements  and  lung  capacity. 
4.  With the aid of the relationship thus ascertained the lung capac- 
ity normal for a chest of given measurements can be estimated. 
5.  The excursions of the diaphragm have been studied. 
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EXPLANATION  OF PLATES. 
PLATE 3. 
FIG. 1.  Two x-ray pictures from a  normal man, No. 7,  taken after maximum 
expiration (a)  and maximum inspiration (b).  The outline of a  is superimposed 
on b. 
PLATE 4. 
FIG. 2.  Two  x-ray pictures from No.  11  (a)  and  No.  1  (b).  They are both 
taken in maximum inspiratory position,  a  is superimposed on b. 